Background: Influence of fish oil supplementation on postoperative atrial fibrillation (POAF) was inconsistent according to published clinical trials. The aim of the meta-analysis was to evaluate the effects of perioperative fish oil supplementation on the incidence of POAF after cardiac surgery.
Introduction
Postoperative atrial fibrillation (POAF) is the most common complication in patients undergoing cardiac surgery [1] . The incidence of POAF reported in previous studies varies between 20% and 50%, depending on the definitions and methods of detection [2, 3] . Despite the advances in surgical techniques and perioperative care, the incidence of POAF has increased continuously over the past decades, which is believed to be due to the aging of the population undergoing cardiac surgery [4] . POAF can cause significant morbidities, including hypotension, congestive heart failure, symptoms of palpitations and fatigue, and most seriously, embolic stroke [5] . Also, POAF has been shown to increase both the length of hospitalization (LOH) and total hospital costs [2, 6] . Moreover, patients with POAF tent to have higher long-term mortality [7] . Therefore, the prevention of POAF is of great importance. Although many pharmacologic interventions have been used to prevent the development of POAF, such as b-blockers, sotalol and amiodarone, all of them have limited efficacy and are not free of side effects [4, 8] . Thus, there is an urgent need to develop novel prophylactic strategies to prevent POAF and related morbidities.
Accumulating evidence from epidemiologic studies and clinical trials has indicated that fish consumption, as well as supplementation with fish oil is associated with a reduced risk of cardiovascular mortality [9, 10, 11] . Particularly, antiarrhythmia has been suggested to be an important mechanism underlying the beneficial effects of fish oil [12, 13] . Experimental studies also suggests that fish oil, which mainly consists of two categories of marine omega-3 polyunsaturated fatty acids (n-3 PUFAs) -eicosapentaenoic acid (EPA) and ducosahexaenoic acid (DHA), may exert direct or indirect antiarrhythmic action, especially in the setting of myocardial ischemia [12, 13] . However, effects of fish oil supplementation on arrhythmia from atrium, such as POAF are still unclear. Although some experimental studies support that fish oil may prevent the development of atrial fibrillation (AF) associated with heart failure [14, 15] , and recent electrophysiologic studies in human also suggests that fish oil supplementation may reduce vulnerability to inducible AF [16, 17] , results of prospective randomized controlled trials evaluating the effect of fish oil supplementation on POAF are generally controversial [18, 19, 20, 21, 22, 23, 24, 25] . Therefore, we performed a meta-analysis to systematically evaluate the effect of fish oil supplementation on POAF incidence after cardiac surgery.
Methods
The primary objective of this meta-analysis is to investigate the possible role of fish oil supplementation for the prevention of POAF. In addition, some other related outcomes, including the LOH and length of stay in the intensive care unit (ICU) after surgery, perioperative mortality, and incidence of major bleeding were also evaluated. We performed this systematic review and meta-analysis according to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement [26] and Cochrane Handbook guidelines [27] .
Search strategy
Pubmed (from 1950 to November, 2012), Embase (from 1966 to November, 2012) and the Cochrane Library (Cochrane Center Register of Controlled Trials) were searched for relevant records, using the terms ''omega-3 fatty acids'', ''n-3 fatty acids'', ''fish oil'', ''fish-oil'', ''marine oil'', ''eicosapentaenoic acid'', ''EPA'', ''ducosahexaenoic acid'', ''DHA'' paired with ''atrial fibrillation''. The search was limited to studies in humans. We also analyzed reference lists of original and review articles using a manual approach. The final literature search was performed on November 25 th , 2012.
Study selection
According to the objective of the current meta-analysis, studies were included for analysis if they met the following criteria: 1) published as full-length article or abstract in any language; 2) reported as a prospective, randomized, and controlled trial with a parallel design (regardless of sample size); 3) included adult human subjects ($18 years of age) who underwent a cardiac surgery and assigned to perioperative fish oil supplementation (orally or Table 1 . Baseline characteristics of the patients of included studies. 
Data extraction and quality assessment
Two authors (WX and WW) independently performed the literature searching, data extraction, and quality assessment according to the inclusion criteria. Discrepancies were resolved by consensus. Extracted data include: 1) study design characteristics: randomization, allocation concealment, blinding and withdrawals/dropout; 2) patient characteristics: number, age, sex, major comorbidities, baseline parameters of echocardiogram and concurrent therapies; 3) surgery characteristics: coronary artery bypass graft (CABG) or valve surgery, off-pump or onpump; 4) details of treatments: regimen of supplementation, dose of EPA and DHA, ratio of EPA to DHA, treatment in control groups, and treatment and follow-up duration; 5) study outcomes: incidence of POAF, LOH and length of ICU stay after surgery, incidence of major bleeding and perioperative mortality.
The quality of the studies was first judged by Jadad Score, which evaluates the quality of randomization, generation of random numbers, concealment of treatment allocation, blinding, and reporting of withdrawals [28] . Trials scored one point for each area addressed, with a possible score between 0 and 5, where 5 represented the highest level of quality. Furthermore, we also used the 6 domains of the Cochrane risk of bias tool to evaluated the quality of the included studies, which include criteria concerning sequence generation, allocation concealment, blinding of participants, personnel and outcome assessors, incomplete outcome data, selective outcome reporting and other potential threats to validity [27] .
Statistical analysis
Dichotomous data were analyzed using risk ratio (RR) with 95% confidence intervals (CI), whereas continuous variables were analyzed using weighted mean differences (WMD). Inter-study heterogeneity was formally tested using Cochrane's Q test, and significant heterogeneity was considered existing if p value was ,0.10. The I 2 statistic, which describes the percentage of total variation across studies that is due to heterogeneity rather than chance [29] , was also examined, and a value of I 2 .50% indicated significant heterogeneity among the trials [30] . Pooled analyses were calculated using fixed-effect models if no significant heterogeneity was detected by Cochrane's Q test, whereas random-effect models were applied in case of significant heterogeneity across studies. If significant heterogeneity was detected among the included studies, meta-regression studies and predefined subgroup analyses were performed to explore the possible influence of patients and study characteristics (including the numbers of the patients, mean age, gender, comorbidities, concurrent medications, surgery types, total dose of fish oil, dose of EPA and DHA, POAF incidence in controls, and Jadad Scores) on the outcomes. Median values of continuous variables were used as cut-off values for grouping studies, and random-effect models were applied for the subgroup analyses. Besides, potential publication bias was assessed with Egger regression asymmetry test [31] and funnel plots; p values were two-tailed and statistical significance was set at 0.05. Meta-analysis and statistical analysis was performed with RevMan software (Version 5.1; Cochrane Collaboration, Oxford, UK) and Stata software (Version 12.0; Stata Corporation, College Station, TX).
Results

Search results
A total of 359 records were identified through the database searching, and 339 were excluded because they did not describe randomization or controlling, or because the objectives of these studies were irrelevant to the present meta-analysis, or because they were reviews, editorials or duplications. Of the 20 potentially relevant records screened, eight [18, 19, 20, 21, 22, 23, 24, 25] met the selection criteria for the current meta-analysis ( Figure 1) . Twelve records were further excluded because six records were not randomized controlled trials; three were duplicate publications; two were trial-design papers; and one did not report available data of the related outcomes.
Study characteristics
Overall, eight studies [18, 19, 20, 21, 22, 23, 24, 25] with 2687 patients (1337 in the fish oil group and 1350 in the control group) were included in the meta-analysis. Because the study by Sorice et al [23] includes two randomized comparisons in patients who underwent off-pump or on-pump surgery, our meta-analysis finally consists of nine sets of data comparing fish oil supplementation with controls for the prevention of POAF. The characteristics of the included studies are presented in Table 1 and 2. All the studies included patients of 18 years or older, who were scheduled for cardiac surgery in the following days and of sinus rhythm on screening. Six of the studies excluded patients with previous diagnosed AF [18, 19, 20, 21, 22, 23] , while the other two did not [24, 25] . The number of the included patients in each comparison varied from 93 to 1516, with the mean age ranging from 62.7 to 67.0 years. The concurrent medications included bblockers, angiotensin converting enzyme inhibitors (ACEI) or angiotensin II receptor blockers (ARB), and statins in all of the studies, while one study also permitted amiodarone [25] . All of the studies enrolled patients who were scheduled for CABG, of which four studies [21, 22, 24, 25 ] also included patients who were admitted for valve surgery. Fish oil was supplied orally in seven studies [18, 20, 21, 22, 23, 24, 25] , while the other one study [19] applied an intravenous regimen. For the two studies [24, 25] using a loading dose before surgery, we calculated the mean dose of fish oil supplied for each day according to the total amounts of supplementation and days of treatment. Overall, the mean dose of fish oil varied from 1.72 to 4.60 g/d, with the ratio of EPA to DHA varied from 0.5 to 1.4. The follow-up duration varied from during ICU stay or hospitalization to 14 days after surgery. Of note, the definition and detection of POAF varied among the individual trials as shown in Table 2 . None of these studies reported serious adverse events which were deemed to be caused by fish oil supplementation.
Data quality
The Jadad Scores of the eight studies ranged from 2 to 5. All of the included comparisons were randomized and controlled trials, with six [8] [9] [10] [11] 13, 14 in a double-blind design and two [18, 23] of an open-label design. Four [18, 20, 22, 25] of the studies reported the methods of random sequence generation, and only two [22, 25] reported allocation concealment. Details of withdrawals and dropout were reported in all studies. The details of risks of biases of the included studies according to the Cochrane assessment tool are listed in Table 3 and Figure 2 . Two of the trials [22, 25] were at low risk of bias for all quality criteria.
Effect of fish oil on incidence of postoperative atrial fibrillation
All of the nine included comparisons investigated the effect of fish oil on the incidence of POAF, and the heterogeneity among them was significant (I 2 = 50%, p = 0.04). The pooled result with a random-effect model indicated that fish oil supplementation was not associated with a significant reduction of POAF (RR = 0.86, 95% CI 0.71 to 1.03, p = 0.11; Figure 3A) . The result was not significantly different when we excluded the study in which fish oil In view of the considerable heterogeneity, we performed metaregression analyses to explore the potential relationship between predefined study characteristics and the effect of fish oil supplementation on POAF. Results of the meta-regression tests suggested that mean dose of DHA was positively related to the preventative effect of fish oil for POAF (coefficient = 20.29, p = 0.03; Table 4 and Figure 4A ), which could largely explain the heterogeneity. Other study characteristics, including the numbers of the patients, mean age, gender, comorbidities, concurrent medications, surgery types, total dose of fish oil, dose of EPA, POAF incidence in controls, and Jadad Scores seemed not to influence the possible effect of fish oil on POAF.
Subsequent subgroup analyses also revealed that fish oil supplementation significantly reduced the incidence of POAF in patients taking DHA .1.0 g/d [18, 19, 22, 23] (RR = 0.63, 95% CI 0.48 to 0.83, p,0.001; Figure 3A and Table 5 ), while did not in those taking DHA #1.0 g/d [20, 21, 24, 25] (RR = 1.00, 95% CI 0.89 to 1.13, p = 0.99; Figure 3A and Table 5 ), which is consistent with the meta-regression results. Furthermore, we also found that fish oil reduced the risk of POAF more significantly among patients who were supplied with fish oil of ratio of EPA to Table 3 . Cochrane risk of bias assessment. 
Effects of fish oil on the length of hospitalization after surgery
Eight comparisons [18, 20, 21, 22, 23, 24, 25] , of which fish oil was all supplied orally, including 1285 patients in the fish oil groups and 1300 patients in the control groups, investigated the influence of fish oil supplementation on LOH after cardiac surgery. Overall, the pooled analysis indicated that fish oil did not have a significant influence on LOH (WMD = 0.10 days, 95% CI 20.48 to 0.67 days, p = 0.75; Figure 3B ), although significant heterogeneity was found (I 2 = 69%, p = 0.002). Results of meta-regression analyses suggested that mean dose of DHA was positively related to the reduction of LOH after fish oil supplementation (coefficient = 22.1, p = 0.04; Table 4 and Figure 4B) . Similarly, results of subgroup analyses also suggested that fish oil may significantly reduce LOH after surgery in patients taking DHA .1g/d [18, 22, 23] (WMD = 20.65 days, 95% CI 21.21 to 20.08 days, p = 0.02; Figure 3B and Table 5 ), but did not in patients taking a lower dose of DHA [20, 21, 24, 25] . Consistently, lower ratio of EPA to DHA (,1.2) was also associated with a significant reduction of LOH after surgery [18, 23] (Table 5) . Of note, the two studies with a lower ratio of EPA to DHA were all of an openlabel design. Besides, the results of subgroup analyses suggested that preoperative use of b-blockers may influence the effect of fish oil on LOH. It seemed that fish oil may increase LOH in studies which included more patients taking b-blockers ($70%, Table 5 ), although meta-regression results did not support baseline bblockers usage as a significant modifier of the effects of fish oil on LOH after surgery ( Table 4) .
Effects of fish oil supplementation on other outcomes
Major bleeding was defined as bleeding more than 3 L through chest tube drain [22] , needing transfusion [24] , or needing reexploration or reoperation [18, 21, 24, 25] . By pooling these studies [18, 21, 22, 24, 25] , we found no significant influence of fish oil on the incidence of major bleeding (I 2 = 39%, fixed-effect model: RR = 0.82, 95% CI 0.59 to 1.55, p = 0.26; random-effect model: RR = 0.83, 95% CI 0.51 to 1.35, p = 0.45; Figure 5A ). Limited studies suggested that fish oil supplementation did not seem to affect perioperative mortality [18, 21, 22, 25] (Figure 5B ) or postoperative ICU stay [20, 22, 25] (Figure 5C ) significantly.
Publication biases
Funnel plots ( Figure 6A and 6B) and Egger's regression asymmetry tests of the included studies did not suggest significant publication biases for the effects of fish oil supplementation on the 
Discussion
In this study, by pooling the results of available randomized controlled trials, we did not find that perioperative fish oil supplementation could significantly reduce the incidence of POAF or LOH after cardiac surgery. However, significant heterogeneity existed among these studies. Of note, results of meta-regression and subgroup analyses suggested that relative amount of DHA and EPA seemed to be a potential modifier to the effects of fish oil on POAF and LOH. Specifically, fish oil may reduce the POAF incidence and LOH in studies with supplements of mean DHA dose over 1.0 g/d or ratio of EPA to DHA ,1.2, but did not in studies with supplements of a lower dose of DHA or a higher ratio of EPA to DHA. In addition, current evidence also did not support fish oil supplementation could significantly affect perioperative mortality, incidence of major bleeding, or the length of ICU stay after cardiac surgery.
Early prospective cohort study indicated that fish consumption with high n-3 PUFAs is associated with a lower incidence of AF in humans after follow-up for 12 years [32] , suggesting that fish oil supplementation may be applied as a strategy for the long-term primary prevention of AF. However, some similar dietary studies [33, 34, 35, 36] published later failed to show an association between increased fish or n-3 PUFAs consumption and decreased risk of incident AF. On the other hand, many small-scaled controlled trials and meta-analyses observed that supplementation with fish oil could favorably affect some pathophysiological processes which contribute to the pathogenesis of AF, including inflammation [37, 38] , endothelial dysfunction [39] , ventricular remodeling [40] , and possibly autonomic disturbance [41, 42] . These findings promoted related studies in humans to investigate whether supplementation with fish oil can prevent the incidence of POAF. Although the results of some early studies [18, 19] and meta-analysis [43] seemed to be promising, a recent published large-scale trial [25] including 1516 such patients failed to support the potential preventative role of perioperative fish oil supplementation for the incidence of POAF. Results of our meta-analysis, by including these published randomized controlled trials, also did not show a significant association between fish oil supplementation and reduced POAF incidence, though considerable heterogeneity was detected among the studies. Therefore, currently there is no sufficient evidence to recommend fish oil as a preventative measure for POAF.
Interestingly, we found that relative amount of DHA and EPA in the supplements seemed to be a significant modifier to the effect Figure 5 . Forest plots from meta-analyses for the effects of fish oil supplementation on incidence of major bleeding (A), perioperative mortality (B) and length of ICU stay after cardiac surgery (C). The effect size of each study is proportional to the statistical weight. The diamond indicates the overall summary estimate for the analysis; the width of the diamond represents the 95% CI. ICU, intensive care unit; M-H, Mantel-Haenszel; IV, inverse variance; CI, confidence interval; SD, standard deviation. doi:10.1371/journal.pone.0072913.g005
Fish Oil and Postoperative Atrial Fibrillation PLOS ONE | www.plosone.org Table 5 . Subgroup analyses for the association of prespecified study characteristics and overall outcomes. [44] and cohort studies [45, 46] , which suggested that lower serum content of DHA but not EPA was independently associated with increased risk of AF in humans. Although the exact mechanisms underlying the possible different effects of DHA and EPA on POAF are unknown, there is some evidence from studies in animals and humans [47, 48] which indicated that compare to EPA, DHA can favorably influence some physiological processes involved in AF pathogenesis in a more effective way, such as anti-inflammation and reduction of heart rate. Besides, previous studies demonstrated that although supplying with pure DHA can also raise serum and tissue levels of EPA, the reverse cannot be achieved [47] . Furthermore, DHA is more abundant than EPA in the myocardium, also reflecting that DHA may be more important for the normal heart function [11] . However, our findings that supplements with higher DHA (.1g/d) was associated with reduced POAF incidence and LOH after surgery should be interpreted with caution because 3 of the five comparisons included in the subgroup were of open-label design, and the numbers of the patients included in the subgroup (n = 657) are only a small part of the patients included in the whole analysis (about 24.5%). Previous studies suggested that pretreatment of medications such as ACEIs/ARBs [49] , statins [50] and b-blockers [51] may reduce the incidence of POAF, and the incidence of POAF may also decrease if off-pump cardiac surgeries were applied [52] . However, results of meta-regression and subgroup analyses seemed not to support that the above factors may influence the effects of fish oil supplementation on POAF. Of note, because we do not have individual patient data of the included studies, these meta-regression and subgroup analyses were generally based on the proportions of the included patients in each study who were pretreated with these medications or performed with off-pump surgeries. Obviously, results of these subgroup analyses should be interpreted cautiously and future studies are needed to evaluate whether fish oil supplementation could reduce the incidence of POAF in those who were not pretreated with these medications or in those who received on-pump cardiac surgeries.
Results of our study also indicated that fish oil supplementation did not significantly influence the perioperative mortality, Fish Oil and Postoperative Atrial Fibrillation incidence of major bleeding or the length of ICU stay after surgery. These results, together with the facts that none of the included study reported serious adverse events which were deemed to be caused by fish oil supplementation, suggested that fish oil is safe and well tolerated by these patients. Several potential limitations should be concerned regarding the present meta-analyses. Firstly, the included studies were different in study scale and design, patient characteristics, concurrent therapy, surgical performance and regimens of fish oil supplementation, which may contribute to the heterogeneity among the studies. Besides, these studies also lack homogeneity in both method of postoperative monitoring and in the definition of POAF, which may make the interpretation of the results difficult. Moreover, the baseline status of serum contents of n-3 PUFAs before the trials was not collected in some studies, which may influence the effect of fish oil supplementation on POAF. Finally, as described previously, some relatively low-quality studies were included, and the numbers of studies and patients included for some subgroup analysis were small, so interpretation of the subgroup results should be with caution.
In conclusion, results of our meta-analysis did not support the preventative effects of perioperative fish oil supplementation for the incidence of POAF, although fish oil can be safe and well tolerated by these patients and did not significantly affect the perioperative mortality, incidence of major bleeding, and hospital and ICU stays. In addition, relative amount of DHA and EPA seemed to be an important modifier of the effect of fish oil for POAF. Supplements with DHA .1 g/d may be associate with a significant reduced risk of POAF, while did not for supplements with lower dose of DHA. Results of our study indicated that DHA and EPA may be different for prevention of POAF. Although these findings need to be confirmed in future clinical trials and experimental studies, our study highlighted the fact that the relative amounts of DHA and EPA in fish oil is important for at least some of its cardioprotective effects, such as prevention of POAF.
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